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ABSTRACT 
 
A Multidisciplinary Investigation of the Intermediate Depths of the Atlantic Ocean: 
AAIW ?13C Variability During the Younger Dryas and Lithoherms in the Straits of 
Florida. (December 2010) 
Brian Neville Brookshire Jr., B.S., Eckerd College; M.S., Texas A&M University 
Chair of Advisory Committee: Dr. Niall C. Slowey 
 
A transect of cores ranging from 798 m to 1585 m water depth in the South Atlantic 
Ocean document the relative intermediate water mass nutrient geometry and stable 
isotopic variability of AAIW during the Younger Dryas cooling event.  The data reveal 
concurrent ?13C and ?18O excursions of 0.59 0/00 and 0.37 0/00 within the core of 
Antarctic Intermediate Water (AAIW) centered at 11,381 calendar years before present 
based on radiometric age control.  A portion of the ?13C variability (0.22 0/00) can be 
explained by a shift in thermodynamic equilibrium concurrent with a drop in 
temperature of 1.8°C at the locus of AAIW formation.  The remaining 0.37 0/00 increase 
in ?13C most likely resulted from increased wind velocities, and a greater coupling 
between the ocean and the atmosphere at the locus of AAIW formation (increased 
efficiency of the thermodynamic process).  
Deepwater coral mounds are aggregates of corals, other organisms, their skeletal 
remains, and sediments that occur on the seafloor of the world’s oceans.  In the Straits of 
Florida, these features have been referred to as lithoherms.  We use digital, side-scan 
 iv
sonar data collected from the submarine NR-1 from an 10.9 km2 area at ~650 m water 
depth to characterize quantitatively aspects of the morphology of 216.  Their lengths, 
widths, heights, areas, orientations and concentration on the seafloor have been 
determined.  Analysis indicates that the outlines of relatively small to medium sized 
lithoherms can be effectively described with a piriform function.  This shape is less 
applicable to the largest lithoherms because they are aggregates of smaller lithoherms.  
Nearly all of the lithoherms studied have axes parallel to the northward flowing Florida 
Current, and the heads of 80% of these features face into the current.  The shape and 
orientation of the lithoherms, and evidence of megaripples and scouring in the sonar data 
suggest that these features are formed by a unidirectional current. 
Following an extensive investigation of over 200 lithoherms via side-scan sonar 
imagery and direct observation, we have developed a qualitative model for the formation 
of the lithoherm type of deep-water coral mounds in the Straits of Florida.  Lithoherm 
formation can be characterized by four main stages of development: nucleating, juvenile, 
mature singular, and fused.  Fused lithoherms can form via transverse and/or 
longitudinal accretion, however, transverse accretion at the head of the mound is likely 
the most efficient mechanism.  A comparison of lithoherm spatial relationship to local 
bathymetry agrees with previous observations of deep-water coral mound formations 
along the levied margins of density flow scour channels. 
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CHAPTER I 
INTRODUCTION AND GENERAL SIGNIFICANCE 
 
The intermediate depths of the world’s oceans (approximately 600 – 2000 m) are 
important for many reasons.  Primarily, intermediate depth water masses control 
thermocline ventilation, and play a large role in oceanic carbon sequestration (Broecker 
and Peng 1982).  Changes in intermediate water mass stable and radiogenic isotopic 
composition can be derived from geochemical signals in marine sedimentary sequences.  
These signals may then be evaluated in order to determine changes in the mode of 
intermediate water mass formation, circulation rate and geometry.  Here, we present 
?13C and ?18O evidence of intermediate water variability in the south Atlantic during the 
Younger Dryas cooling event.  We offer a reasonable scenario to explain this variability, 
with specific importance placed on the role of Antarctic Intermediate Water (AAIW).  
This research represents new contribution to the relatively small pool of knowledge 
pertaining to intermediate water mass response to the Younger Dryas cooling event in 
the South Atlantic Ocean. 
Another important aspect of intermediate ocean depths, are continental slope seafloor 
environments.  In particular, deep-water coral reefs are found extensively along the 
southeast Atlantic coast of the United States at around 700 m depth (Reed et al. 2006). 
 
 
____________ 
This dissertation follows the style of the Journal of Sedimentary Research. 
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These deep-water reefs, here referred to as Lithoherms (Neumann et al. 1977), have 
largely been described in a qualitative fashion.  In contrast to this, we present 
quantitative data on lithoherm morphology and distribution derived from high resolution 
(150kHz) side-scan sonar data collected from onboard the US Navy’s NR-1 submarine.  
With perspective derived from the quantitative analysis of the side-scan sonar data and 
visual observations while made onboard the submarine, we also offer a qualitative model 
for lithoherm formation.   
These two subjects have a more direct linkage than may be immediately apparent.  
For example, the coral Lophelia pertusa, which is the driving organism behind lithoherm 
formation, precipitates its CaCO3 skeleton from thermocline waters.  Recent research has 
confirmed the plausibility of using Lophelia pertusa to create geochemical time series 
based on stable strontium isotopes (Ruggeberg et al. 2008).  This example illustrates the 
interdisciplinary nature of oceanography, and how a geophysically derived 
understanding of lithoherm distribution and formation could be used in conjunction with 
geochemical analysis paleo-water mass properties.  In the same regard, this dissertation 
demonstrates the use of very different methods and approaches in the pursuit of 
conclusions based within the interdisciplinary frame of oceanography. 
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CHAPTER II 
AAIW ?13C VARIABILITY DURING THE YOUNGER DRYAS 
 
INTRODUCTION 
The expression of the Younger Dryas in the North Atlantic is well documented.  
Multiple lines of evidence suggest that meridional overturning circulation decreased 
substantially most likely as the result of meltwater discharge into the zone of NADW 
formation (Boyle and Keigwin 1987; Broecker 2006; Fairbanks 1989; Keigwin et al. 
1991; Marchitto et al. 1998; McManus et al. 2004).  However, limited data exist in 
regard to the expression of the Younger Dryas in the South Atlantic Ocean (Came et al. 
2003; Charles and Fairbanks 1992; Pahnke et al. 2008).  Seawater PO4 data implied from 
the Ca/Cd ratios found in benthic foraminifera from the western subtropical South 
Atlantic suggest a reduction in deep and intermediate water export from the North 
Atlantic to the South Atlantic, reconfirming a reduction in northward meridonal heat 
transport (Came et al. 2003). Neodymium isotope ratios (Fe-Mn oxides) from depths 
corresponding to the transition between Antarctic Intermediate Water (AAIW)/upper 
North Atlantic Deep Water (NADW) along the Brazilian Margin and Tobago Basin also 
reveal a positive excursion coincidental with the Younger Dryas (Pahnke et al. 2008).  
Though these data indicate a shift in the prevalence of northern source and southern 
source intermediate waters (and arguably the production rate of AAIW), they do not 
address how the intrinsic properties of AAIW may have changed in response to the 
Younger Dryas.  Specifically, how did the ?13C composition of AAIW vary?  
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Comprehension of the carbon isotopic variability of AAIW is key for several reasons:  
Most importantly, the ?13C composition of AAIW records variations in the 
thermodynamic equilibrium between the water mass and the atmosphere at the time of 
formation (Broecker and Maier-Reimer 1992; Charles et al. 1993).  This equilibrium is 
influenced by temperature, residence time at the surface, and frictional coupling between 
the ocean and atmosphere (wind).  Combined, these elements are a major factor in 
controlling the contribution of AAIW to thermocline ventilation and carbon 
sequestration (Broecker and Peng 1982).  In addition, AAIW acts as a key mechanism in 
transferring ?13C variability to low(er) latitudes (Ninnemann and Charles 1997). 
Here we present ?13C and ?18O evidence from a transect of cores taken along the 
Angolan slope that span the contemporary transition between AAIW and Labrador Sea 
Water (LSW).  The shallowest of these cores has remained within the core of AAIW 
since before the onset of the Younger Dryas.  ?13C and ?18O data were derived from the 
benthic foraminifera Cibicidoides pachyderma and age control was established via 14C 
analysis of mixed planktonic species Globigerinoides ruber and Globigerinoides 
sacculifer.  These data shed new light on localized water mass geometry, and the 
intrinsic ?13C variability of AAIW during the Younger Dryas.  
 
STUDY AREA 
Piston core TAMU-005 was taken from the Angolan margin at 11° 55.0113’ S, 13° 
17.1661’ E in 798 m of water.  This depth represents the core of AAIW in relation to the 
contemporary water mass geometry in the Southeast Atlantic (Ostlund et al. 1987; 
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Schlitzer 2004) (Fig. 1).  During the Younger Dryas, this position along the Angolan 
margin was approximately 65 m shallower based on eustatic sea level (Fairbanks 1989), 
leaving these sediments still within the core of AAIW (Pahnke et al. 2008).  Piston cores 
TAMU-004, TAMU-003, TAMU-002 and TAMU-001 were taken along a single 
transect progressing downslope from TAMU-005 at approximately 200 m depth 
intervals (Table 1).  Collectively, the transect spans the contemporary transition zone 
between AAIW and LSW (Fig. 1).   
 
METHODS 
Preliminary ?18O and ?13C stable isotope stratigraphies for TAMU-005 – TAMU-
001 were determined by processing samples taken at 10 cm intervals spanning the entire 
length of the core.  Sediments were wet sieved at 63 μm to remove the fine grain 
sediment fraction.  The coarse >63 μm sediment fraction was then dehydrated with 
methanol and oven dried.  The planktonic foram G. ruber was isolated from the size 
fraction 212<250 μm (dry sieve).  Specimens were then sonicated (at around 38% max 
power using a rheostat to minimize fracture and disintegration) for approximately ten to 
twenty seconds until all adhering material was removed.  The sonicating liquid 
(methanol) was then removed from the vial using a syringe and hypodermic needle in 
order to clear the particulate contaminants from the vial.  The specimens were again 
oven dried.  In some cases, small amounts of pyrite and/or clay remained within the test.  
However, these materials do not pose a threat of contamination with respect to ?18O and 
?13C analysis.  Between three and seven individual forams were analyzed from each  
Fig 1.—Location of TAMU core transect (black circles) in relation to modern water 
mass geometry.
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 Core 
Water Depth 
(m) Latitude  Longitude 
Recovery 
(cm) 
TAMU-005 798 11° 55.0113’S 13° 17.1661’E 290.5 
TAMU-004 996 11° 55.0249’S 13° 12.0068’E 399.5 
TAMU-003 1199 11° 54.9960’S 13° 06.2697’E 335.0
TAMU-002 1421 11° 55.0081’S 13° 01.1748’E 401.5 
TAMU-001 1585 11° 54.9970’S 12° 50.0982’E 421.5
Table 1.— Core location and recovery.
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sample using a Finnegan MAT-253/GV Isoprime isotope ratio mass spectrometer 
(IRMS) equipped with a dual inlet and a Kiel/Gilson style automated sampling device.  
Utilizing the chronology obtained from the preliminary stratigraphy, sediment 
samples were taken at a frequency of every other centimeter for TAMU-005 – TAMU-
001 spanning the last glacial maximum (LGM).  Sediment samples were prepped in the 
same manner as described above.  The benthic forams C. pachyderma, Planulina 
ariminensis  and P. wuellerstorfi were isolated (>250 μm) for all intervals depending on 
occurrence within the core.  In all cases, C. pachyderma was the primary species used 
for analysis due to the continuity of its occurrence.  Single C. pachyderma tests were 
analyzed from each sample for ?18O and ?13C using a Micromass Optima IRMS 
equipped with a dual inlet and a common acid bath style automated sampling device. 
In addition to stable isotope chronologies, multiple 14C measurements were obtained 
for TAMU-005, and single core bottom measurements were obtained for cores TAMU-
004, TAMU-003, and TAMU-001 (Table 2).  Combined G. ruber and G. sacculifer tests 
were used for all analyses.  Initial core bottom samples were analyzed at the Lawrence 
Livermoore Labs accelerator mass spectrometer (AMS) facility.  The forams were 
prepped in the same manner as described above for stable isotopic analysis.  Following 
the acquisition of benthic isotope stratigraphies, two more samples from TAMU-005 
were analyzed at the NOSAMS facility at Wood Hole Oceanographic Institution 
(prepped at Texas A&M per NOSAMS specifications).  These samples correspond to the 
onset and the termination of the ?18O and ?13C excursions as determined to be 
concurrent with the Younger Dryas.  All radiocarbon dates were converted to calendar 
Core 
Depth 
(cmbsf) 
Species 
1-Sigma 
Range 
Probability 
Factor 
Median 
Age 
(calendar 
years) 
Weighted 
Age 
(calendar 
years) 
11440 - 
11465 
0.034 11453 
  
TAMU-
005 
120.5 
G. ruber,  
G. 
sacculifer 11630 - 
12050 
0.966 11840 
11827 
 
TAMU-
005 128.5 
G. ruber,  
G. 
sacculifer 
10764 - 
11107 1 10936 10936 
TAMU-
005 290.5 
G. ruber,  
G. 
sacculifer 
18725 - 
18831 1 18778 18778 
 
TAMU-
004 399.5 
G. ruber,  
G. 
sacculifer 
30721 - 
30034 1 30378 30378 
 
TAMU-
003 335.0 
G. ruber,  
G. 
sacculifer 
≥50000 n/a n/a n/a 
TAMU-
001 402.5 
G. ruber,  
G. 
sacculifer
47777 - 
45588 1 46683 46683 
Table 2.— Radiocarbon results for TAMU cores including all probabilities based on the
radiocalibratioin curve (Stuiver and Reimer 1986-2009).
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ages using the Calib Rev 5.0.1 program (Stuiver and Reimer 1986-2005) and the 
associated Marine Reservoir Correction Database (Stuiver and Reimer 2009). 
 
RESULTS 
The high resolution sampling strategy employed for TAMU-005 results in an 
approximate temporal resolution of 121 years.  This is an estimate is based on a whole 
core average sedimentation rate of 16.6 cm/ka determined from linear interpolation 
between absolute age control points.  This, along with the use of single foram tests 
results in single point spikes in both the ?13C and ?18O records.  In spite of the apparent 
“noise” in this record, this variation is indicative of minimal time averaging, which 
provides the luxury of determining which events in the record are significant based on 
two or more constraining points.  A lower sampling resolution and use of multiple foram 
tests would lead to uncertainties about the validity of relatively short duration events in 
the record. 
The most prominent feature in the ?13C record is the positive excursion between 
128.5 and 120.5 centimeters below sea floor (cmbsf), which is defined by three 
successive data points (Fig. 2).  The magnitude of this excursion is 0.59 0/00, representing 
a change roughly equivalent to 58% of the total range in ?13C between the LGM and 
Holocene.  A positive ?18O excursion of 0.37 0/00 occurs concurrently with the event 
seen in the ?13C record and is defined by two successive data points.  Radiocarbon dates 
were collected at 128.5 and 120.5 cmbsf in order to constrain the timing of this event  
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Fig 2.—TAMU-005 benthic foraminiferal isotopic results.  Shaded area indicates 
the position of Younger Dryas.
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(Table 2).  The timing of the event, based on the average of these two ages, is 11,381 
calendar years before present (ybp), which is consistent with the timing of the Younger 
Dryas (Fairbanks 1989).  The age inversion between the 128.5 and 120.5 cmbsf is not 
unexpected considering the uncertainties in the marine radiocarbon calibration curve 
during the Younger Dryas (Muscheler et al. 2008).  Ocean reorganization, along with an 
increase in atmospheric radiocarbon, point to the possibility of erroneous reservoir ages.  
This is especially relevant at the onset of the Younger Dryas (Singarayer et al. 2008).  
As a result, determining the temporal range of this event is problematic, however, we 
feel that the approximate timing (as averaged over the duration of the event) is sound.   
Though valid core bottom radiocarbon ages were also obtained for TAMU-004 and 
TAMU-001 (Table 2), the lack of core bottom age control points for TAMU-003 and 
TAMU-002 (along with variable sedimentation rates) make absolute core-to-core 
correlation difficult.  In lieu of absolute age control, we established relative age control 
for TAMU-004 – TAMU-001 by direct correlation of the planktonic ?18O stratigraphies 
of these cores to the planktonic ?18O stratigraphy of TAMU-005 (Fig. 3).  The reason 
planktonic foraminifera were used for the age correlation is that these forams all 
precipitate their tests within a common depth range, and are therefore not as subject to 
the variable temperature affect associated with depth.  The planktonic ?18O correlation 
values derived from TAMU-005 are 0.313 0/00 (at 290.5 cmbsf) for the 18.8 ka age 
control point, and -0.859 0/00 (at 124.5 cmbsf) for the 11.4 ka age control point.  In all 
but two instances, there was only one possible depth corresponding to the respective 
correlation values within the other cores (Fig. 3).  In the two instances where more than  
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one possible correlation point exists, due to the inherent variability of the isotopic 
record, the deepest occurrence of the correlation value along a positive sloped, well- 
defined trend was utilized (as can be associated with the overall deglacial trend) (Fig. 3).  
  Immediately apparent is the variability in sedimentation rate between the cores, and 
the lack of a clear positive ?13C excursion (at approximately 11.4 ka) in any other core 
than TAMU-005 (Figs. 4 & 5).  The only ostensible correlation is the strong dip in ?13C 
values in TAMU-003, which has no clear counterpart in the associated ?18O record.  
?13C and ?18O versus depth profiles are presented at both age control points (18.8 ka and 
11.4 ka) based on interpolation between single isotopic measurements (Fig. 6).  A late 
Holocene profile is also presented which represents an average of the top 15 cm of each 
core.  Three very distinct intermediate water mass geometries representing the LGM 
(18.8 ka), Younger Dryas (11.4 ka) and late Holocene are revealed. 
 
DISCUSSION 
Intermediate Water Mass Geometry 
While the lack of an independently determined paleotemperature proxy, such as 
Mg/Ca, makes it difficult to separate inter-water mass temperature/salinity effects in the 
?18O profiles (Fig. 6b), the ?13C profiles do provide some interesting insights into the 
intermediate water mass relative geometry during the Younger Dryas (Fig. 6a).  Most 
striking is the similarity of the LGM and Younger Dryas profiles.  Both profiles 
elucidate the presence of a sub-AAIW nutrient maximum centered at approximately 
1200 m, where ?13C was  -0.20 0/00 lower during the Younger Dryas than the LGM.  This  
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Fig. 6.—δ13C versus depth (A) and δ18O versus depth (B) profiles for 18.8 ka 
(LGM), 11.4 ka (Younger Dryas - median of δ13C excursion), and the latest Holocene. 
The open square and dashed line represent the average of the values immediately 
before and after the 11.4 ka excursion.  Grey error bars represent maximum uncertainty 
due to more than one possible correlation point.
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suggests that North Atlantic Intermediate Water (NAIW) export to the south Atlantic 
may have been more reduced during the Younger Dryas than during the LGM (Boyle 
and Keigwin 1987; Came et al. 2003; Slowey and Curry 1995).  The sharp ?13C gradient 
between 800 m and 1200 m at the Younger Dryas implies a well defined vertical 
segregation of nutrients controlled, at least in part, by inherent variations in the isotopic 
composition and or production rate of AAIW (Fig. 6a).  This is evident when the average 
?13C values of AAIW immediately before and after the Younger Dryas excursion are 
plotted as a reference point on the ?13C profile (Fig. 6a). 
 
Possible Mechanisms of AAIW ?13C Variation 
AAIW ?13C, though subject to changes in the overall oceanic carbon reservoir (Curry 
et al. 1988), is modulated over relatively short time scales by variations in 
ocean/atmosphere interactions at its point of origin in the Southern Ocean.  Here, 
biological effects and nutrient driven scenarios for ?13C variability are overprinted by 
changes in the level of thermodynamic isotopic equilibrium, which is affected by 
temperature and wind stress (Broecker and Maier-Reimer 1992; Charles et al. 1993; 
Libes 1992; Ninnemann and Charles 1997).  Beyond these factors affecting the 
“preformed” ?13C value of AAIW, are those that lead to variability while in transit along 
the isopycnal surfaces at the base of the thermocline, and the localized factors that 
influence nutrient concentrations at 11° 55.0113’ S, 13° 17.1661’ E where TAMU-005 
was taken (Fig 7).  Below, we consider the mechanisms involved in the 0.59 0/00 ?13C  
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Fig. 7.—Schematic illustrating the factors that influence AAIW isotopic variability.  
Green check marks identify the dominant contemporary influences. 
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19
 20
excursion of AAIW during the Younger Dryas (Fig 2).  Beyond the obvious significance 
of the timing, we chose to focus on this part of the record because it represents the only 
event characterized by simultaneous excursions in both the ?13C and ?18O records 
defined well by multiple successive points. 
 
Thermodynamic Effect Due to AAIW Temperature.— The most direct 
mechanism for AAIW ?13C variability is evidenced in the associated 0.37 0/00 ?18O 
excursion.  Around 11.4 ka, sea level was approximately 65 m below the current level, 
and the mean ocean ?18O was 0.67 ±0.05 0/00 greater than today (Fairbanks 1989).  
Utilizing GEOSECS Site 107 (Ostlund et al. 1987) data, we determined the 
contemporary ?18O value (near the TAMU-005 core location), and what it would be if 
sea level were 65 m shallower than it is today.  From this, we formulated the following 
mass balance: 
 ?18OWyd = ?18OWcurrent +  ? ?18Odepth + ? ?18Oice 
 
where ?18OWyd is the oxygen isotopic value of ocean water at 11.4ka at 733 m depth, 
?18OWcurrent is the current oxygen isotopic value at 798 m depth, ? ?18Odepth is the change 
due to sea level (based on current values), and ? ?18Oice is the change due to ice volume.  
When values are substituted in: 
 
 ?18OWyd = (-0.18) + (0.01) + (0.67) = 0.50 ±0.05 0/00. 
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Using C. pachyderma core top ?18O values from TAMU-005 – TAMU-001 (average of 
top 15 cm), we assessed multiple paleotemperature equations in order to find the best fit 
for our data.  The most accurate equation was that of Bemis et al. (Bemis et al. 1998), 
which we used to compare temperature values calculated from our core tops to those 
recorded at GEOSECS Site 107(Ostlund et al. 1987).  Linear regression yields an R2 
value of 0.84, which is slightly lower than it should be due to a small error between 
Sigma T GEOSECS values and calculated values for temperature (? 0.15 °C between 
800 m and 1600 m) (Fig. 8).   
Applying the paleotemperature equation to the 0.37 0/00 ?18O excursion yields a 
change in temperature of -1.8 ±0.24 °C.  If this change in temperature were imparted at 
the zone of AAIW formation, the equivalent thermodynamic fractionation effect would 
be a 0.220/00 ?13C enrichment of aqueous bicarbonate (HCO3-) relative gaseous carbon 
dioxide (CO2) (Mook et al. 1974), hence enriching AAIW at the point of origin.    
 
AOU, the Oxygen Minimum, and Localized Changes in Productivity.— Based 
on the regression equation of Kroopnick (Kroopnick 1985), and contemporary 
calculations of apparent oxygen utilization (AOU) (Schlitzer 2004), the effect of organic 
carbon remineralization while AAIW travels from around the Antarctic polar front 
(APF) to the low latitude South Atlantic is completely overprinted by thermodynamic 
effects.  The contemporary value for ?13C at the core location is 0.56 0/00  (Ostlund et al. 
1987), corresponding closely to the phosphate normalized value of 0.54 0/00 (Charles et 
al. 1993).  However, the expected ?13C value based on AOU is -0.04 0/00.  This large  
Fig 8.—Core top calibration based on calculated temperature from TAMU-005 - 
TAMU-001 (Bemis et al. 1998) and actual data from GEOSECS Site 107.  For 
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discrepancy confirms the dominant influence of air sea exchange over the ?13C signature 
of AAIW.  Therefore, we consider the effect of organic carbon remineralization incurred 
along the path of AAIW between the APF and low latitude South Atlantic to be constant 
over the time scales associated with this circulation. 
Localized effects of organic carbon remineralization into the water column must also 
be considered due to the occurrence of TAMU-005 within the Benguela upwelling 
region, and the associated oxygen minimum.  The two major factors that could affect the 
?13C signature at the TAMU-005 location are the depression of the oxygen minimum 
due to the lowered sea level (lowering of ?13C) and a large decrease in export 
production.  A depression of sea level at the Younger Dryas of 65 m would lead to a       
-0.03 ?13C change based on contemporary water column values (Ostlund et al. 1987; 
Romanek et al. 1992).  Even in this scenario, TAMU-005 would still be below the core 
of the oxygen minimum zone.  Sediment records from the region indicate that during the 
Younger Dryas, export production actually increased due to an increase in equatorial 
trade wind strength (Farmer et al. 2005).  Therefore, even though we cannot conclude an 
absolute change in the extent of the oxygen minimum, we can conclude a reduction in 
organic carbon remineralization would not have occurred and led to a localized increase 
in ?13C.  We can also conclude that changes in the relative depth of TAMU- 005 due to 
sea level fluctuations (between the Younger Dryas and late Holocene) would not have 
significantly affected ?13C variability. 
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Additional Mechanisms of ?13C Variability?— If we consider all of the above 
factors in regard to the observed Younger Dryas ?13C excursion of 0.59 0/00, the only 
significant, or at least quantifiable, influence is that of a temperature reduction at the 
point of origin as determined from the associated ?18O excursion.  As a 1.8 °C drop in 
temperature accounts for only 0.22 0/00 ? ?13C, we are left with 0.37 0/00 to explain.  To 
this end, Broecker and Maier-Reimer (Broecker and Maier-Reimer 1992) carried out a 
Hamburg ocean general circulation model in order to determine the sensitivity of air-sea 
exchange rate on the ?13C thermodynamic enrichment throughout the world’s oceans.  
This was accomplished by doubling the wind velocities over the entire ocean.  In theory, 
this doubling increases the efficiency of the thermodynamic fractionation exchange 
equilibrium by increasing surface area at the ocean/atmosphere boundary (waves and 
turbulence) (Broecker and Peng 1982; Libes 1992).  Though the same process causes 
bubble injection and the bulk input of light CO2, the temperature driven thermodynamic 
preference of the heavy carbon isotope in aqueous HCO3- (relative to both gaseous and 
aqueous CO2) at low temperatures may result in a net positive shift in the bio-available 
dissolved inorganic carbon (DIC) reservoir.  As expected, the model suggests that in the 
area of AAIW formation (characterized by cool temperatures and high PO4), a doubling 
of the wind induced air-sea exchange rate would result in approximately 0.4-0.8 0/00 ?13C 
enrichment.  Such an increase in the strength of the southern westerlies could explain the 
remaining 0.37 0/00 enrichment noted in TAMU-005.  In the same sense, an increase in 
wind velocity could also account for a reduction in temperature due to greater heat flux 
from the ocean to atmosphere (Sverdrup et al. 1942), potentially explaining a portion of 
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the 0.22 0/00 ?13C enrichment currently associated with the 0.37 0/00 ?18O enrichment.  
And, in fact, new evidence suggests that during the Younger Dryas, Patagonian glaciers 
advanced not primarily as the result of decreased temperature, but due to increased 
precipitation on the eastern side of the Andes resultant from a focusing of the Southern 
Westerlies between 45° S and 50 ° S (Ackert et al. 2008).  The focusing of Southern 
Westerlies between 45° S and 50 ° S would also increase Eckmann pumping at the locus 
of AAIW formation, increasing the injection rate to the base of the thermocline (Pond 
and Pickard 1983).  Evidence for this affect is found in a neodymium isotopic record 
from the Tobago Basin that shows an approximate 1.25 increase in ?nd values during the 
Younger Dryas (Pahnke et al. 2008).  The enrichment in AAIW ?13C, along with 
increased injection to the thermocline should be considered as a significant source of the 
observed variability of low latitude nutrient concentration, and hence SST estimations at 
low latitudes during the Younger Dryas (Ninnemann and Charles 1997; Wan et al. 
2008). 
 
CONCLUSIONS 
Our results indicate the presence of a strong vertical gradient in ?13C during the 
Younger Dryas cooling event.  The data suggest that NAIW export to the south Atlantic 
may have been more reduced during the Younger Dryas than during the LGM.  
However, inherent ?13C variability and or increased production of AAIW likely exerted 
dominant control of the sharp nutrient gradient.  A portion of the ?13C variability (0.22 
0/00) can be explained by a shift in thermodynamic equilibrium concurrent with a drop in 
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temperature of 1.8°C at the locus of Antarctic Intermediate Water (AAIW) formation (as 
derived from the associated ?18O increase) (Mook et al. 1974).  The remaining 0.37 0/00 
increase in ?13C most likely resulted from increased wind velocities, and a greater 
coupling between the ocean and the atmosphere at the locus of AAIW formation 
(increased efficiency of the thermodynamic process) (Ackert et al. 2008; Broecker and 
Maier-Reimer 1992).  This wind induced variability, and subsequent increase in 
Eckmann induced injection of AAIW to the base of the thermocline, may help explain 
observed nutrient variability at low latitudes during the Younger Dryas (Ninnemann and 
Charles 1997; Wan et al. 2008). 
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CHAPTER III 
A QUANTITATIVE ASSESSMENT OF THE DISTRIBUTION AND 
MORPHOLOGIES OF LITHOHERMS IN THE STRAITS OF FLORIDA 
 
INTRODUCTION 
Direct observations of deep-water coral mounds or “lithoherms” on the seafloor of 
the Straits of Florida were first made from the submersible DSRV Alvin by Neumann et 
al. (1977).  Their observations revealed that features imaged as hyperbolic reflections by 
seismic systems on ships and, until then, thought to be slump blocks or other erosional 
features produced by mass wasting of the margin of the Bahamas were actually mounds 
of carbonate sediments covered by a community of corals and other deep-water 
organisms.  These features represent an important type of modern deep-water coral reef 
ecosystem (Reed 2002; Reed et al. 2006).  Deep-water reef habitat is under increased 
stress by fishing and other human activities (Fosså et al. 2002; Reed et al. 2007; Roark et 
al. 2009).  A necessary step to recognizing, protecting and managing this biological 
resource is to determine the distribution of the coral mounds and the environmental 
factors that influence them (Miller et al. 2009; Munoz et al. 2009).  Modern deep-water 
coral mounds may also provide a valuable analogue or point of contrast for 
understanding carbonate mound structures found in the geologic record.  For example, 
“mud mounds” found in Lower Cretaceous and Mississippian formations located in 
northeastern Mexico and south central New Mexico (Dorobek and Bachtel 2001; 
Murillo-Muneton and Dorobek 2003) and “biogenic mounds” found in seismic records 
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from the Great Australian Bight (Feary and James 1998) may represent very similar 
deep-water coral formations.  Investigators have, therefore, tried to better understand the 
features of deep-water coral mounds and their relation to the physical environment at the 
seafloor.  Observations and analyses of samples obtained by submersible and rock 
dredge provide valuable information about biologic and lithologic aspects of the 
lithoherms; however, because of limitations of these methods, much less is known about 
the morphology of lithoherms.  Investigators have recently begun using high-resolution 
marine geophysical approaches to investigate deep-water coral mound structures in the 
Straits of Florida (Grasmueck et al. 2006). 
Modern deep-water coral mounds are not restricted to the Straits of Florida; they 
occur in other areas of the North Atlantic and similar features exist throughout the 
world’s oceans (Armstrong and van den Hove 2008; Bjerager et al. 2010; Breeze and 
Fenton 2007; Cordes et al. 2008; Dorschel et al. 2007; Eisele et al. 2008; Fosså et al. 
2002; Heifetz 2002; Hovland et al. 2002; Messing et al. 2008; Munoz et al. 2009; 
Schroeder 2002; Titschack and Freiwald 2005).  For example, observations have been 
made of modern cold water coral mounds and buried relict carbonate mounds along the 
southwest and northeast Rockall Trough margins in the northeast Atlantic Ocean 
(Kenyon et al. 2003; van Weering et al. 2003).  Measured current velocities, mound 
orientations, faunal distributions, and sediment accumulations of the Rockall Trough 
mounds reveal the scenario for their formation and maintenance is similar to that of the 
Straits of Florida lithoherms (de Haas et al. 2009; Dolan et al. 2008; Mienis et al. 2007; 
Mienis et al. 2006; Wheeler et al. 2008).  Specifically, mound growth and morphology 
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have been described as a function of increased current velocity and bedload transport.  
The proposed genesis of these mounds, whether via fluid expulsion features or pre-
existing bathymetric highs, (Mienis et al. 2006; Wheeler et al. 2008) remains uncertain.  
And (most relevantly), morphologic variability, though characterized in regard to length 
to width ratio, is relatively unconstrained (Wheeler et al. 2008).   
The idealized lithoherm envisioned by Neumann et al. (1977) is a deep-water coral 
mound elongated parallel to the direction that seawater flows along the seafloor (Fig. 9).  
A crust of partially lithified cemented sediments may encase portions of the mound, 
particularly the end of the mound that faces the current, providing a hard substrate that is 
colonized by filter-feeding benthic organisms that act as baffles, trapping suspended 
sediments so the feature grows over time into the current.  Aspects of this model have 
been tested during investigations conducted using the submersibles Alvin and Johnson 
Sea-Link, which allow detailed observation and sampling of specific portions of 
individual lithoherms.  Results of such efforts show that the communities of organisms 
on lithoherms are zoned in a consistent fashion, with predominately Lophelia 
ahermatypic corals at the up-current end, Zoanthid sea fans at the apex, and crinoids and 
Alcyonarian sea pen corals elsewhere (Messing et al. 1990).  A number of studies have 
documented the details of the reef habitat and fauna (Reed 2002; Reed et al. 2006).  
Petrographic evidence indicates the processes of seafloor cement precipitation and its 
widespread occurrence (Wilber and Neumann 1993).  Cement crusts are dominantly 
high magnesium calcite, whereas the unconsolidated sediments accumulating over the 
crust are largely aragonite (Paull et al. 2000; Wilber and Neumann 1993).  The  
axis
flow direction
Fig. 9.—The idealized lithoherm is mound of the skeletal remains of organisms and 
other sediments bound (at least in part) by carbonate cementation that is elongated 
parallel to the direction of seafloor currents (modified from Neumann et al. 1977).
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differences between the 14C ages of these sediments and adjacent living corals are 
consistent with lithoherm growth due to the trapping of sediments by the organisms 
(Paull et al. 2000).  Much has been learned about the lithoherms in this fashion; 
however, it has been difficult to investigate aspects of their morphology because 
submersible observations are inherently limited in their spatial extent and it is difficult 
for submersibles to maneuver when subjected to the strong currents of the Florida 
Straits.  
Echosounders and other seismic reflection techniques employed from ships at the sea 
surface show that lithoherms along the southeastern margin of North America typically 
occur at water depths of 600 m to 800 m and their maximum height ranges typically 
from 30 m to 50m (as great as 150m relief reported) (Neumann et al. 1977; Paull et al. 
2000; Reed et al. 2006).  However, in these water depths, the spatial resolution of data 
obtained by these techniques is insufficient to image lithoherms in the detail necessary to 
characterize their morphologic features.  In 1993, Paull and co-workers acquired among 
the first images of whole lithoherms when they used the submersible NR-1 to deploy an 
analog, side-scan sonar near the seafloor of the Florida-Hatteras Slope.  They used this 
analog data in combination with echosounder bathymetry to estimate not only the height, 
but the length and orientation of lithoherms (Paull et al. 2000). 
Recently available computer-integrated, digital sonar systems make it possible to 
image and investigate the morphology of seafloor features to a far greater extent than 
was possible before.  This paper presents an analysis of sonar data acquired when the 
NR-1 conducted a survey of deep-water coral mounds in the northeastern Straits of 
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Florida.  Aspects of the morphology of over 200 individual mounds and their 
distribution on the seafloor are quantitatively characterized.  At this site, a consistent 
relationship exists between coral mound morphology and current velocity.  
 
METHODS 
We surveyed an approximately 10.92 km2 area of the seafloor in approximately 650 
m of water west of Little Bahama Bank (Fig. 10).  This region was selected because it is 
in the vicinity of the 1971 Alvin dives discussed by Neumann et al. (1977) and so would 
be ideal for investigating the actual morphologies of deep-water coral mounds in the 
Straits of Florida as well as their relationship to bottom water flow.  Data were collected 
using a 150 kHz Sea Scan PC side-scan sonar system (Marine Sonic) that was deployed 
from the US Navy’s NR-1 submarine.  The NR-1 submarine is nuclear powered and not 
subject to the spatial and temporal limitations of battery powered submersibles.  
Specifically, battery powered submersibles only have the stored energy to sustain life 
support systems for a period of hours, and only a limited spatial range due not only to 
energy limitations, but limitations of the propulsions system itself.  Since the NR-1 is 
nuclear powered, the submarine was able to stay on location for approximately 18.5 
hours, and maintain a survey speed of approximately 1 to 3 knots.  Ten parallel lines of  
data were collected, which were approximately 3.5 km long each with a swath width of 
150 m for each channel.  The overlap between adjacent lines of data was approximately 
20 m.  
 
Fig. 10.—General bathymetry map for the Straits of Florida (WGS84,UTM Zone 17N
projection-latitude and longitude provided for reference purposes, contours produced 
from data acquired from the National Geophysical Data Center). The lithoherm survey 
area is delineated by the black rectangle west of Little Bahama Bank (NW corner: 
27.3295º N, 79.4366º W; SE corner: 27.2957º N, 79.4075º W).
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In the laboratory, all side-scan files were manually bottom tracked (the altitude of the 
sonar fish was determined based on first sonic return, or beginning of the sonar image) 
and slant range corrected using SonarWeb software.  The resultant geo-referenced J-peg 
files were then manually mosaiced in AutoCAD Map 3D to create a mosaic with the best 
possible transitions (greatest number of features revealed v. covered up) between 
adjacently overlapping lines (Fig. 11).  This mosaic provides a detailed image of the 
seafloor in the survey area, allowing features to be identified and their overall orientation 
and spatial relationships to be assessed.  For this study, our criteria for identifying a 
lithoherm was a raised, reflective body composed of one or more elongated structures.  
Lithoherms were identified, and then aspects of their morphologies were measured 
by examining individual lines of data using SeaScan PC review software (native to MST 
file format).  The use of individual lines of data is important because it precludes biases 
that might otherwise be introduced during the process of mosaicing the data.  Because 
the sonar data are geo-referenced, it was possible to establish the latitude and longitude 
of both the head and tail ends of each lithoherm, allowing its geographic location to be 
cataloged and its orientation relative to the seafloor to be determined.  The length, 
height, width, and footprint area of each individual lithoherm were measured from 
digital sonar data.  This approach is based upon established geometric relationships 
between the sonar, the seafloor, the seafloor feature, and the resultant acoustic travel  
time and intensity measured by the sonar (Fish and Carr 1990; Johnson and Helferty 
1990; Trabant 1984).  Because of the relatively high relief of the lithoherms (~6.5 m 
conservative average) compared to the altitude of the side-scan sonar sensors (target  
Fig. 11.—Side-scan sonar mosaic of the survey area illustrating lithoherm distribution,
orientation and morphology.
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altitude = 15 m) the angle of incidence of the sound waves was low, resulting in long 
across track shadows.  And, since the survey lines were run in a north-south orientation, 
roughly parallel to the lithoherms long axis, the subsequent sound shadows typically 
obscured the distal slope of each lithoherm.  To account for this, individual lithoherms 
were measured in terms of ? width and ? area based on the presumption that these 
features demonstrate bilateral symmetry.  These measurements were multiplied by two 
to obtain the total width and total area of the lithoherms.  Analysis of the morphology of 
specific features imaged on several survey lines from several orientations demonstrated 
that this approach was reasonable (Fig. 12). 
 
ANALYSIS AND DISCUSSION 
Detailed examination of the side-scan sonar data indicates that 216 individual 
lithoherms occur within the 10.92 km2 survey area.  Thus, the concentration of 
lithoherms on the seafloor is approximately 20 lithoherms per square kilometer, which is 
about 60 times greater than previous estimates of lithoherm concentration on the Florida-
Hatteras Slope (1 lithoherm/3 km2) (Paull et al. 2000).  The location of each lithoherm 
was cataloged, and its general morphologic features were characterized (Table 3) (Fig. 
13).  These results suggest that the majority of the lithoherms characterized in this study  
are smaller than those described in previous investigations (Mullins et al. 1981; 
Neumann et al. 1977; Paull et al. 2000; Reed et al. 2006).  For example, the compilation  
of Reed et al. (2006) indicates that the smaller coral mounds/lithoherms found off the 
east coast of Florida are approximately 12 m in relief, whereas the majority of  
20 m
Fig. 12.—Example of lithoherm symmetry obtained as the side-scan sonar swath was 
at an approximate 45° angle to the lithoherm long axis (obtained as the submarine exited
the survey area).
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Variable N Range Minimum Maximum Mean St. Dev.
Length (m) 210 522.8 28.3 551.1 172.8 112.7
Total Width (m) 211 165.1 8.2 173.3 37.0 28.1
Total Area (m2) 209 39977.0 220.0 40197.0 6063.2 7587.0
Height (m)1 204 16.4 0.8 17.3 6.5 3.2
Table 3.— Descriptive statistics of lithoherms measured in this study.
1) Height represents minimum estimates in some cases.
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Fig. 13.—Morphology statistics for the measured lithoherms. A) Length; B) total 
width; C) total area; D) height.
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lithoherms described in this study are approximately half (6.5 m) this height.  This 
discrepancy is likely the result of previous data sets being skewed towards the larger 
lithoherms.  It is probable that smaller lithoherms were simply not resolved in significant 
numbers such as to be included in previous statistics. 
Height measurements do represent a limitation of this data set, but on the opposite 
end of the spectrum than mentioned immediately above.  Specifically, height 
measurements for approximately 24% of the larger lithoherms represent minimum 
estimates resulting from the sound shadow extending beyond the side-scan swath width.  
Therefore, it should be noted that heights of the larger features have not been 
constrained.  However, large lithoherms did have heights in excess of 17 m.  We know 
this because sound shadows truncated at the edge of the swath width yield minimum 
height measurements up to 17 m. 
The lithoherms display a range of morphologies.  We classified the lithoherms based 
upon a first order distinction between their morphologies: lithoherms that possess an 
elongated teardrop shape (singular) (Fig. 14), or a recognizable variation resulting from 
the accretion of several lithoherms into a larger singular body (fused), which is evident 
from inspection of the images (a detailed analysis of the accretionary process is in 
preparation and will be presented elsewhere).  A close geometric approximation to the  
teardrop shape of an idealized lithoherm is a piriform (O'Connor and Robertson 2004).  
The equation for which is: 
B2 ? Y2 = X3 ? (A – X) 
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Fig. 14.—Idealized lithoherm shape based on the equation of a piriform per given 
length to width ratio.
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where A is equal to length and B is a width based scaling factor.  The equation allows 
the shape and area of a piriform to be determined based on a given length and maximum 
width (Fig. 14).     
We applied this equation to model the shape of idealized lithoherms, calculating the 
footprint area versus length for a series of length to width ratios.  Values of area and 
length used in this model are reflective of those observed in the actual lithoherms in our 
study area.  When the measured data are compared with the model predictions, it is 
apparent that the areas of lithoherms, particularly those classified as singular, vary in an 
overall manner that is predictable based on their ratio of length to width (Fig. 15).  There 
is a great deal of variation in the length to width ratio of singular lithoherms below 
approximately 100 m in length and 2000 m2 in area; however, the majority of these 
features have a length to width ratio of 5 or less.  In contrast, all but 3 of the singular 
lithoherms that are longer than 100 m length and have an area greater than 2000 m2 
maintain a length to width ratio between 5 and 11.  This difference suggests that as 
singular lithoherms grow over time, they reach a threshold length and area beyond which 
they become more streamlined.  
The orientation of individual lithoherms (Fig. 16), along with the dominantly 
streamlined morphology suggests that a strong unidirectional current shapes these 
features.  Specifically, boundary layer separation likely occurs at the head of the mound,  
inducing a free shear layer, and the subsequent formation of an eddy along the lee of the 
mound before the boundary layer reattaches to the substrate.  This is a negative feedback  
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Fig. 15.—Area versus length model per given length to width ratio with actual 
lithoherm morphometric data superimposed. A) All data superimposed (singular 
and fused lithoherms).  B) Enlarged view of just singular lithoherm data superimposed.
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Fig. 16.—Compass plot of lithoherm long axis bearing as measured from head to tail. 
N = number of lithoherms.
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mechanism, because the more streamlined the mound becomes, the less boundary layer 
separation occurs (Stanley and Swift 1976).  These conclusions are supported by the 
current direction and speed as measured by sensors onboard the NR-1.  Measurements 
logged at approximately one second intervals unambiguously show that during the 18.5 
hours over which the survey occurred, the current azimuth bearing was consistent at 
approximately 350° (Fig. 17).  There is some drift about this mean (300° - 30°) as a 
result of localized current interactions with the seafloor topography as the submarine 
moved through the survey area.  Current intensity measurements made via the NR-1s 
Doppler velocity logger (DVL) did show about a 0.5 knot bias based on whether the 
submarine was traveling with or against the current along adjacent survey lines.  
However, the data do reveal a slowly undulating current velocity of approximately 0.7 
knots to 0.9 knots over the course of the survey (Fig. 18).  The presence of a strong 
unidirectional current is consistent with the findings of other studies conducted north of 
the Providence Channel proximal to the survey area (Leaman and Molinari 1987).  
Grasmueck et al. (2006) did note a contrasting scenario of tidally induced current 
reversals associated with mound formation along the base of Great Bahama Bank.  
However, this area lies approximately 300 km to the south of the lithoherm survey area 
where tidal reversals have been observed to occur as a result of southward flow from the 
Providence Channel (Gardner et al. 1989).  The mounds observed by Grasmueck et al.  
(2006) also do not display the streamlined, piriform morphology of the lithoherms 
addressed in this study.   
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Fig. 17.—Compass plot of current bearing measured during the 18.5 hour survey. 
N = number of measurements (at approximately 1 second intervals) taken during the 
course of the survey.
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Fig. 18.—Current speed smoothed over 15 minute intervals (measured at 1 second 
intervals) measured during the 18.5 hour survey. A 4th order polynomial regression is 
fitted to the data to account for the 0.5 knot bias introduced as a result of whether the 
submarine was traveling with, or against the current.
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Approximately 20% of the lithoherms do display a head to tail orientation that is 
essentially 145º to 180º opposite that of the current.  Spatial investigation reveals that 
there is no pattern to the distribution of these features, and that they occur at random 
throughout the survey area.  This apparently reversed orientation could result from mis-
identification of the head and tail ends.  It may be difficult to distinguish the head and 
tail ends in at least two circumstances: when a large lithoherm forms via the coalescence 
of smaller features, and when erosional processes degrade the head of the feature, 
potentially indicating a dead or dying lithoherm.  Paul et al. (2000) discuss a complex of 
“transverse lithoherms” with a fluted ‘saw bladed-like’ pattern parallel to the current, 
and a long axis perpendicular to the current.  We would suggest that these complex 
lithoherms are the result of transverse accretion of individual mounds that originally had 
a long axis parallel to the current.     
Actual pixel resolution for the side-scan sonar data collected during the survey is 
approximately 0.5 m.  However, due to the variation in the altitude of the submarine 
from the bottom, this number varies most likely between about 0.2 and 0.6 m.  This 
resolution is not great enough for us to definitely identify individual features as may be 
associated with the biologic zonation model of Messing et al. (Messing et al. 1990).  
However, subtle variations in the character of the images do provide some very 
interesting clues.  For instance, the mottled character of the crests of some of the mounds 
suggests biologic coverage.  This observation is reinforced by the jagged outline of the  
sound shadow corresponding to the crest of the mound (Fig. 19).  This observation 
would be consistent with the  “zoanthid” zone along the crest of the idealized mound 
20 m
Fig. 19.—Lithoherm image showing a mottled character along the crest of the mound, 
and the associated jagged sound shadow.
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(Messing et al. 1990).  One would expect the large sea fan-like bilateral zoanthids in this 
zone to create a more irregular return and shadow pattern.  The side-scan sonar images  
also reveal what appear to be ripple marks located between adjacent mounds suggesting 
a channelized and intensified flow (Fig. 20). 
 
CONCLUSIONS 
A side-scan sonar mounted on a submersible was used to image an 11 km2 area of 
the seafloor in Straits of Florida in 650 m of water.  Over two hundred individual 
lithoherms were identified and aspects of their morphologies were characterized, 
including length, width, area, height, and orientation.  The lithoherms occur in greater 
abundance and a denser configuration than indicated by previous data.  While they 
exhibit a range of morphologic characteristics, the lithoherms occur as either singular 
features or coalescent (fused) mounds.  The shapes of the singular lithoherms are 
described well by a piriform function with varying length to width ratio.  When applied 
to the piriform model, the data indicate that as singular lithoherms grow, they become 
more streamlined.  Nearly all of the lithoherms are oriented with their long axis parallel 
to Little Bahama Bank, so their heads face directly into the Florida Current.  Lithoherm 
morphology, along with current bearing and intensity measurements recorded while on 
site, confirm the dominant role the (local) strong unidirectional current plays in 
lithoherm formation.  The results of this study contribute to better understand the nature 
of the lithoherms and other similar deep-water coral reefs, as well as provide a set of  
 
20 m
Fig. 20.—Ripple marks between adjacent lithoherms suggesting channelized flow.
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constraints useful in the recognition and study of ancient coral communities and 
carbonate mound deposits. 
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CHAPTER IV 
OBSERVATIONS ON THE INITIATION AND DEVELOPMENT OF THE 
LITHOHERM TYPE OF DEEP-WATER CORAL MOUNDS 
 
INTRODUCTION 
Lithoherms, or partially cemented deep-water coral mounds, form in much the same 
manner as their shallow water, light dependent, equivalent.  And, as Darwin so 
eloquently summated, the organisms that form, colonize and destroy are “all adapted to 
the stations they occupy, and hold their places, like other organic beings, by a struggle 
one with another, and with external nature” (Darwin 1842).  The initiation and sustained 
development of lithoherms, though not dependent on light, can be attributed to both 
independent environmental factors and the complex interactions of sessile organisms.  
Two dominant factors must be present for lithoherm initiation and development.  The 
first factor is the necessary seawater chemistry for the formation of hard substrates, and 
the continued micritic cementation of debris baffled by the coral growths on the leading 
edges and crests of the mounds (Paull et al. 2000; Wilber and Neumann 1993).  The 
second factor is the persistence of a unidirectional, strong current such as The Florida 
Current (Hamilton et al. 2005; Leaman et al. 1987).  Together, these factors produce the 
optimal conditions for the colonization of Lophelia ahermatypic scleractinean corals, sea 
fan like zoanthids, crinoids, sponges and a myriad of other constructive and destructive 
organisms (Messing et al. 1990; Messing et al. 2008; Reed et al. 2006).   
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The idea of categorizing deep-water coral proliferation is not a new one.  In fact, the 
progression from colony, to thicket, to coppice, to bank has long since been inferred 
from the fossil record (Squires 1964).  This theoretical model has been hypothetically 
applied to occurrences of modern deep-water coral mounds in two ways: faunal 
succession and mound stratigraphic development (de Haas et al. 2009; Eisele et al. 2008; 
Mienis et al. 2006; Mullins et al. 1981), and overall mound morphology resultant from 
coral proliferation about pre-existing structures such as pock marks or fluid flow features 
(Kenyon et al. 2003; Wheeler et al. 2008).  While these examples do provide valuable 
insights into deep-water coral mound initiation and development, they are less than 
clear-cut.  Here we present a qualitative model derived from direct observations and 
side-scan sonar imagery from a finite area (10.92 km2) along the northwestern slope of 
Little Bahama Bank.  In a fashion analogous to Darwin’s (1842) consideration of coral 
atolls, we take the varied morphologies of individual lithoherms observed today to 
patently illustrate how lithoherms develop through time from nucleation to maturation.  
The purpose of this model is not to confirm previous ideas of coral succession on the 
local scale, but to introduce a new terminology of lithoherm development that focuses on 
the progression of mound morphologies.  We also present a spatial analysis of lithoherm 
occurrence in relation to local bathymetry for the purpose of clarifying pre-existing ideas 
relating to the controls of the spatial distribution of these mounds. 
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METHODS 
Over 200 individual lithoherms found in a 10.92 km2 area in ~650 m water west of 
Little Bahama Bank (NW corner: 27.3295º N, 79.4366º W; SE corner: 27.2957º N, 
79.4075º W) were investigated by direct observation and side-scan sonar imagery via the 
US Navy’s NR-1 submarine.  Side-scan sonar files were examined using SeaScan PC 
review, and mosaiced using SonarWeb.  The mosaic, as well as individual side-scan 
sonar files, were then exported from SonarWeb as geo-referenced image files and 
assessed in Global Mapper and AutoCAD.  The direct observations made while onboard 
the submarine, along with the critical examination of the side-scan sonar imagery, 
provide the basis for the qualitative model presented here.  A quantitative interpretation 
and analysis of the side-scan sonar imagery is presented elsewhere (Brookshire and 
Slowey in review). 
Single beam echosounder data were also collected during the side-scan sonar survey.  
These data were gridded in Surfer using a kriging method at approximately 42 m bin 
spacing.  The grid was smoothed via a 5 node moving average to minimize the over-
expression of individual mounds lying directly within the path of the submarine.  This 
grid was then used to create a 3d surface model of the bathymetry in Global Mapper. 
 
RESULTS AND DISCUSSION 
The initiation or nucleation of a lithoherm results from the attachment and growth of 
an individual colony of sessile organisms, usually Lophelia corals, on cemented 
hardgrounds (Figs. 21 & 22).  The initial nucleating colony spawns additional colonies,  
Cur
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Fig 21.—Schematic drawing elucidating lithoherm development from nucleation to 
maturation.
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Fig 22.—Side-scan sonar data illustrating lithoherm development from nucleation to 
maturation.
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and sediment begins to aggregate at the base of the faunal thickets as a result of their 
baffling effect (Messing et al. 2008; Squires 1964 among others).  At this initial juvenile 
lithoherm stage, the small mound is relatively amorphous, but beginning to demonstrate 
an elongation into the current, which at our study site has a mean bearing of ~350° and 
mean velocity of ~40 cm sec-1 (Figs. 21 & 22) (Brookshire and Slowey in review).  This 
progression has also been noted along the Rockall Trough in the northeast Atlantic 
where similar cold water coral “banks” originate as a result of coral colonization in 
pockmarks (e.g., Wheeler et al. 2008).  As cementation begins to occur, and the 
upcurrent periphery of the juvenile lithoherm becomes suitable for attachment, colonies 
of Lophelia begin to form along the leading edge.  These areas are those with the clearest 
window into the current, and hence the vital seston it delivers.  As coral rubble 
accumulates at the head of the mound, creating additional area for attachment, the coral 
colonies advance forward into the current in a self-sustaining crawl (Messing et al. 
1990).  Other debris delivered by the current via saltation and traction also accumulates 
along the flanks and in the lee of the mound (Neumann et al. 1977).  The lower flank and 
tail of the mound provide a substrate for filter feeding, potentially destructive, organisms 
such as sponges and boring mollusks (Freiwald and Wilson 1998; Messing et al. 1990).  
The mature singular lithoherms have an easily recognizable piriform shape as a result of 
this continued cycle of growth at the head, and winnowing/elongation at the tail 
(Brookshire and Slowey in review) (Figs. 21 & 22).   
Multiple lithoherms often nucleate in close proximity as a result of localized 
conditions favorable to initial colonization by Lophelia (Reed et al. 2006) (Figs. 21 & 
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22).  As the mature singular lithoherms continue to grow, they interact with surrounding 
mounds in two basic ways.  Multiple lithoherms can grow into one another as a result of 
transverse accretion, or they can grow into one another by longitudinal accretion.  In the 
case of transverse accretion, the heads of one or more mature lithoherms accrete into one 
another as a result of coral growth along the flank of the mound (Figs. 21 & 22).  As 
transversely-fused lithoherms, individual mound crests, and multiple tails are still 
discernible.  Over time, the combined effects of continued coral growth, the subsequent 
biozonation of other organisms, and the continued influence of the currents increase the 
uniformity of the lithoherm shape.  These mature, transversely-fused lithoherms often 
have a much lower length to width ratio than a singular lithoherm, and have a less 
evident head and tail (Figs. 21 & 22).  In the case of longitudinal accretion, the head of 
one lithoherm grows into the tail of an adjacent lithoherm (and vise versa).  The 
longitudinally-fused lithoherm has multiple, very distinct, crests.  With time, the gaps 
between the crests begin to close, but the majority of these mounds maintain an 
undulating profile.  Mature longitudinally-fused lithoherms are not as distinguishable 
from singular lithoherms based on length to width ratio, but they have a more 
longitudinally symmetrical, ridge-like appearance (Figs. 21 & 22).     
Certainly, fused lithoherms can form as a combined result of both transverse and 
longitudinal accretion.  However, transverse accretion between the heads of multiple 
lithoherms is likely a more efficient mechanism by which fused lithoherms form.  
Lophelia can actively suppress the growth of competitive organisms by increased mucus 
production (Freiwald and Wilson 1998).  Therefore, the Lophelia dominated heads of 
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adjacent lithoherms would fuse much more rapidly than the biologically contrasted head 
and tail (Freiwald and Wilson 1998).  In fact, multiple lithoherms oriented perpendicular 
to the strike of a bathymetric high will sometimes fuse transversely along the crests in 
what has been described as a ‘saw blade-like’ pattern (Paull et al. 2000). 
Comparison of the spatial occurrence of the lithoherms to the local bathymetry reveals 
that groups of lithoherms form in greater density along bathymetric highs (Fig. 23).  The 
periodicity of these highs is approximately 800 m.  Preliminary assessment of the 
orientation of the highs to the unidirectional current implies that they may be partially 
lithified/relict sand waves.  However, two lines of evidence suggest that this is not the 
case.  First, observed sand waves at similar depths further to the south in the Straits of 
Florida have a periodicity which is more than a factor of ten less than the periodicity of 
the bathymetric highs observed in the lithoherm study area (Gardner et al. 1989).  
Second, laboratory flume experiments imply that a unidirectional current velocity of 40 
cm sec-1 is not sufficient to produce the periodicity and amplitude (~15 m) of the 
bathymetric highs observed in the lithoherm study area (Boguchwal and Southard 1990; 
Southard and Boguchwal 1990).  This begs the question: are the lithoherms on top of 
pre-existing bathymetric highs, or are the bathymetric highs an ostensible expression of 
the lithoherms themselves that result from the limited resolution of the single beam 
echosounder?  The obvious linear grouping of the lithoherms suggests that there is some 
contributing factor at play.  A plausible explanation is that the lithoherms are forming 
along the levies of density flow scour channels diverging along the toe of the slope (-
0.6°) (Anselmetti et al. 2000; Mullins and Neumann 1979; Wilber et al. 1993; Wilson  
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Fig. 23.—Three dimensional depth model with lithoherm footprints overlain. Arrows 
indicate density flow direction along scour channels.
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and Roberts 1992; Wilson and Roberts 1993; Wilson and Roberts 1995).  This same 
scenario of deep-water coral mound formation along levied channel margins at similar 
depths (~600-800 m) has been observed further to the south in the Straits of Florida 
(Grasmueck et al. 2006) and along the Rockall Trough (Mienis et al. 2006).  Since the 
lithoherms found within the survey area do not occur exclusively along these levied 
channel margins, and are also found in limited number within the scour channels, we 
believe that the scour channels are predominantly inactive.  We note that the local 
topographic variability could also originate in another fashion, for example, the highs 
could be depositional lobes of stiff, erosion-resistant sediment derived from further up 
the slope by mass wasting.  Whether or not this is so, the same environmental conditions 
that favor mound development would exist and the same pattern of mound formation 
would result.  
 
CONCLUSIONS AND IMPLICATIONS 
Lithoherms are dynamic seabed features that form as a result of the complex 
interaction of a unique ecosystem with the surrounding environment.  These features 
grow in a generally predictable pattern from the original nucleation of a sessile organism 
on a coarse or cemented carbonate substrate, to the mature singular or large fused 
lithoherm.  While these features have been described as erosional or dying is some cases 
(Neumann et al. 1977), our evidence clearly suggests that lithoherms are actively 
growing in the Straits of Florida.  Differential erosion and accretion are likely occurring 
simultaneously as opposing mechanisms necessary in the development of this unique 
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facies.  A comparison of lithoherm spatial relationship to local bathymetry agrees with 
previous observations of deep-water coral mound formations along the levied margins of 
density flow scour channels. 
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CHAPTER V 
CONCLUSION 
 
Our results indicate the presence of a strong vertical gradient in ?13C during the 
Younger Dryas cooling event.  The data suggest that NAIW export to the south Atlantic 
may have been more reduced during the Younger Dryas than during the LGM.  
However, inherent ?13C variability and or increased production of AAIW likely exerted 
dominant control of the sharp nutrient gradient.  A portion of the ?13C variability (0.22 
0/00) can be explained by a shift in thermodynamic equilibrium concurrent with a drop in 
temperature of 1.8°C at the locus of Antarctic Intermediate Water (AAIW) formation (as 
derived from the associated ?18O increase) (Mook et al. 1974).  The remaining 0.37 0/00 
increase in ?13C most likely resulted from increased wind velocities, and a greater 
coupling between the ocean and the atmosphere at the locus of AAIW formation 
(increased efficiency of the thermodynamic process) (Ackert et al. 2008; Broecker and 
Maier-Reimer 1992).  This wind induced variability, and subsequent increase in 
Eckmann induced injection of AAIW to the base of the thermocline, may help explain 
observed nutrient variability at low latitudes during the Younger Dryas (Ninnemann and 
Charles 1997; Wan et al. 2008). 
A side-scan sonar mounted on a submersible was used to image an 11 km2 area of 
the seafloor in Straits of Florida in 650 m of water.  Over two hundred individual 
lithoherms were identified and aspects of their morphologies were characterized, 
including length, width, area, height, and orientation.  The lithoherms occur in greater 
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abundance and a denser configuration than indicated by previous data.  While they 
exhibit a range of morphologic characteristics, the lithoherms occur as either singular 
features or coalescent (fused) mounds.  The shapes of the singular lithoherms are 
described well by a piriform function with varying length to width ratio.  When applied 
to the piriform model, the data indicate that as singular lithoherms grow, they become 
more streamlined.  Nearly all of the lithoherms are oriented with their long axis parallel 
to Little Bahama Bank, so their heads face directly into the Florida Current.  Lithoherm 
morphology, along with current bearing and intensity measurements recorded while on 
site, confirm the dominant role the (local) strong unidirectional current plays in 
lithoherm formation.  The results of this study contribute to better understand the nature 
of the lithoherms and other similar deep-water coral reefs, as well as provide a set of 
constraints useful in the recognition and study of ancient coral communities and 
carbonate mound deposits. 
Lithoherms are dynamic seabed features that form as a result of the complex 
interaction of a unique ecosystem with the surrounding environment.  These features 
grow in a generally predictable pattern from the original nucleation of a sessile organism 
on a coarse or cemented carbonate substrate, to the mature singular or large fused 
lithoherm.  While these features have been described as erosional or dying is some cases 
(Neumann et al. 1977), our evidence clearly suggests that lithoherms are actively 
growing in the Straits of Florida.  Differential erosion and accretion are likely occurring 
simultaneously as opposing mechanisms necessary in the development of this unique 
facies.  A comparison of lithoherm spatial relationship to local bathymetry agrees with 
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previous observations of deep-water coral mound formations along the levied margins of 
density flow scour channels. 
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